Abstract-Lateral current injection (LCI) lasers are promising candidates for optoelectronic integration and novel functional devices. We investigate experimentally the performance of a new class of LCI lasers with improved operating characteristics, focusing in particular on regions of agreement and disagreement with our physical model. We then employ fully selfconsistent two-dimensional modeling in order to study the impact on performance of current guides-vertical structures intended to lower the series resistance of the active region-and find that these structures were central to achieving improved performance. We find that with additional refinements in the design of LCI lasers with current guides, further improvements in CW roomtemperature performance may be achieved.
OEIC-Enabling LCI Lasers with Current Guides:
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I. INTRODUCTION
L ATERAL current injection (LCI) lasers have long been recognized to be promising candidates for use as active sources in optoelectronic integrated circuits and as functional devices. While growth on semi-insulating material allows effective interdevice isolation, there are more general advantages: LCI lasers take advantage of the lateral degree of freedom, a dimension much less richly explored than the vertical and longitudinal directions. By exploiting the lateral direction, LCI lasers may enable new functional optoelectronic devices: for example, multiple-terminal lasers with high-speed capacitive modulation and wavelength tuning [1] become possible through the use of little or no doping in the vertical heterostructure. New freedoms are also gained in the design of simple two-terminal laser structures, allowing electrical and optical designs to be partially or completely decoupled, permitting independent optimization of optical confinement and electrical injection.
In spite of this potential, LCI lasers have, until recently, exhibited performance inferior to that of their vertical injection counterparts. Though the lateral injection concept is nearly as old as the semiconductor laser itself, LCI lasers have not benefitted from the countless iterations of theoretical study, design and process optimization, and experimental probing that vertical injection lasers have enjoyed. As a result, many of the predominantly empirical attempts at realizing LCI lasers [2] - [9] yielded devices with high threshold currents, low initial efficiency, and rapid roll-off in efficiency even at low optical powers.
Oe et al. [10] recently reported a novel LCI laser with much more competitive performance. Using a simple bulk active region, they obtained a device which lased at 1.55 m CW and at room temperature with a threshold of 10 mA and optical powers per facet in excess of 10 mW. The basic structure of this device, whose fabrication is reported in detail in [10] , is illustrated in the inset of Fig. 1 . Current guides-doped layers of intermediate composition-are placed above and below the active region. The current guides were shown using twodimensional (2-D) fully self-consistent numerical simulation to smooth out the lateral material gain profile in the device [11] , permitting efficient pumping of the fundamental optical mode. It has been shown [12] that conventional LCI lasers which do not employ current guides typically suffer from inefficient pumping of the fundamental optical mode because their lateral carrier density distribution may be highly nonuniform. This inefficiency may be severe if the contacts are separated by more than the ambipolar diffusion length of carriers, a quantity which in turn is limited by the low mobility of heavy holes in compound semiconductors. Current guides achieve improved gain uniformity by using hybrid injection of carriers [11] , a combination of lateral and vertical injection.
Another effect of current guides is to reduce the series resistance of the active region by increasing the area available for the injection of a given current. Resistive heating is decreased as a result, making CW room-temperature operation feasible. In addition, as voltage accumulates more slowly across leakage paths in parallel with the active region, the onset of significant leakage current occurs at higher optical powers.
In this paper, we assess using a combination of experiment and simulation the importance of the improvements offered by current guides. We begin by exploring the detailed temperature evolution of the measured threshold current and threshold voltage of a particular LCI laser with current guides. We 0018-9197/98$10.00 © 1998 IEEE examine the different regions of operation of this device, focusing on temperature ranges in which different physical mechanisms dominate the performance of the device. We then proceed to study the internal operating mechanisms of a variety of LCI lasers using physical modeling. We conclude with a discussion of new qualitative and quantitative rules to guide the design of LCI lases with improved high-power performance.
II. EXPERIMENT
We studied experimentally the LCI laser illustrated in Fig. 1 whose fabrication is reported in greater detail elsewhere [10] . The epitaxial structure consisted of a 0.1-m-thick undoped bulk active region ( 1.55 m) clad above and below by 0.25-m-thick n-and p-doped current guides ( 1.3 m) and undoped InP. P-type and n-type lateral contacts were formed by dry etching followed by liquid phase epitaxial overgrowth. While the device reported in [10] had a 1-mwide active region, in this paper we focus on a device with a wider active region. While it exhibited worse performance, this 1.5-m-wide device was expected to be more revealing of the effects of series resistance and lateral carrier density nonuniformity.
We characterized this device over temperatures ranging from 10 to 300 K. We plot in Fig. 1 the evolution of threshold current with temperature. We derived a simple analytical expression from which to predict the temperature dependence of the threshold current, assuming: 1) that leakage effects were negligible at threshold; 2) that the bulk active region threshold carrier density obeyed an approximate temperature dependence; 3) that the bimolecular coefficient obeyed a dependence; and 4) that the Auger coefficient obeyed an exponential characteristic with activation energy 53 meV. Assumption 1) is consistent with the results of physical modeling reported later in this work. Assumptions 2) and 3) are obtained from the relationships between the quasiFermi levels, carrier densities, and spontaneous and stimulated transition rates in bulk material. Assumption 4) is predicted theoretically and observed empirically in [13] . As shown in Fig. 1 , we obtained excellent agreement between this simple model and experimentally measured threshold currents over the temperature range 30-260 K. Based on the resulting fitting parameters, we estimated the room-temperature bimolecular coefficient and Auger coefficient to be 2 10 cm s and 5 10 cm s . The experimental results and fit agree well in the temperature range 30-260 K. At very low temperatures, the temperature dependence of the threshold current levels out rather than continuing the more rapid decrease predicted from simple spontaneous emission/gain considerations. We investigated this effect further by studying the dependence of threshold voltage on temperature (Fig. 2) . Even though the threshold current continues to decrease with temperature, the threshold voltage shows a sudden upward turn as the temperature is decreased below 25 K. While the bandgap of the active region is expected to increase with decreasing temperature, it is expected to do so [14] in the more gradual fashion seen between 50 and 150 K in Fig. 2 . A more likely explanation relates to mobility of holes in InP, which can exhibit a sudden decrease below about 30 K with the onset of impurity conduction [15] . This would suggest a sudden and rapid decrease in ambipolar diffusion length below this critical temperature. We suggest that this mechanism, and the resulting reduced overlap of gain and fundamental optical mode, is responsible for the reduced rate of decrease in threshold with decreasing temperature at sub-30 K temperatures. The versus characteristic deviates above the prediction of our simple model above 260 K. A number of mechanisms could give rise to such a qualitative dependence-we describe these first and then proceed to discuss which is most important quantitatively. First, the hole mobility decreases with increasing temperature as of 50 K up to and above room temperature (as polar optical phonon scattering limits the mobility), so that the ambipolar diffusion length also decreases with increasing temperature in this range, giving rise to a more nonuniform lateral carrier density. Second, the threshold voltage of 1.1 V at 300 K is approaching a range in which leakage through the high bandgap cladding regions above and below the active regions may contribute to an increased threshold current. This concept and its consequences are the focus of Section III. Finally, measurements were made in CW mode, and the current-excess voltage product is sufficiently high at room temperature for nonnegligible Joule heating to increase the steady-state temperature of the device active region.
By comparing pulsed-mode and CW threshold currents, we confirmed heating effects to be the dominant cause of the threshold current exceeding the prediction of the simple model near room temperature. This is consistent with the results reported below in which lateral carrier density nonuniformity and parallel leakage are not found to be quantitatively important at room-temperature threshold.
III. PHYSICAL MODELING
We now consider in detail the physical mechanisms which underlie the measured performance of this new family of LCI lasers with current guides. We consider first the effect of current guiding layers on the lateral gain profile. It was previously demonstrated [11] that current guiding layers can smooth out the lateral gain profile, even in a device whose lateral contact separation exceeds the ambipolar diffusion length of carriers, by permitting hybrid (lateral and vertical) injection of carriers into the active region. In particular, holes, which represent the lower mobility and therefore the limiting carrier in most compound semiconductor materials, benefit from having additional injection paths available for transport into the active region.
In order to assess the impact of the use of current guides, we modeled, using our fully self-consistent 2-D light-emitter simulator [16] , a number of structures with and without current guides. Material parameters used are given in Table I . We have not introduced phenomenological factors such as "scattering loss" or "intrinsic loss" or higher Auger recombination coefficients. While our quantitative predictions are therefore not in exact agreement with measured results, it is shown below that our qualitative conclusions are of an interest and importance which is independent of their exact magnitude or point of onset.
We first considered the three structures illustrated in Fig. 3 . One incorporates current guides similar to those employed by Oe et al. [10] , one uses no current guides, and the final extreme case uses not only current guides but also employs doped cladding material for additional hybrid injection and further reduced series resistance. In spite of the differences in the vertical heterostructures of these devices, we imposed for the purposes of simulation identical refractive index profiles. The mode profiles were therefore identical, allowing us to assess the impact of current guiding without needing to adjust for differences in confinement factors.
The -and -characteristics of these three devices are shown in Fig. 4 . (A -characteristic was produced instead of a -characteristic, the optical power being a better measure of the current injected into the active region.) The Fig. 4(a) show a pronounced roll-off in lasing efficiency in the case of the device without current guides, while the deterioration comes much later in the case of the devices with current guides. Because it had less doping near the active region, the device without current guides experienced lower free-carrier absorption induced optical loss and exhibited therefore a slightly lower threshold current and higher initial efficiency. This advantage was soon more than offset by the disadvantage of faster roll-off in efficiency.
We posited two potentially important factors contributing to the faster roll-off of the device without current guides. First, current guides were expected [10] and shown [11] to smooth out the lateral carrier density and gain distributions by enabling hybrid injection of carriers. We show in Fig. 5 the calculated lateral carrier density distribution for the three devices considered at different injection levels. As predicted, hybrid injection aids in smoothing out the lateral gain profile.
There remains the question of the importance of a more uniform lateral carrier density. Qualitatively, there are a number of mechanisms at work. Since the optical mode distribution is laterally symmetric and the carrier density distribution is not, the overlap of these distributions is weaker, and the optical mode is less efficiently pumped. As the nonuniformity increases with increasing optical power, the overlap decreases further, and a larger average carrier density must be supplied in order to satisfy the round-trip gain condition. Furthermore, a nonuniform carrier density distribution suffers more from recombination mechanisms which have superlinear carrier density dependencies. Thus, carrier density nonpinning above the lasing threshold contributes to an increased parasitic recombination current due to bimolecular and Auger mechanisms.
To assess the importance of these effects, each one linked to the lateral carrier density nonuniformity, we plot in Fig. 6 the evolution of various current components as a function of stimulated optical power per facet. From the slight increase in Shockley-Read-Hall recombination in each of the three devices, reduced local gain-optical mode overlap-may be seen to account for some of the decrease in efficiency. More important are the increases in the superlinear spontaneous and Auger recombination mechanisms, much more severe in the case of the device without current guides [ Fig. 6(b) ] than of those with [ Fig. 6(a) and (c) ].
The overriding impression from Fig. 6 , however, is that leakage through parasitic paths overwhelms any of the preceding effects and is primarily responsible for the efficiency roll-off seen at different points on the -characteristics of the three devices. The larger voltage required to inject a given current into the active region of the device without current guides is accompanied by increased leakage through parallel parasitic paths which see this same larger voltage difference. It is at this point worth considering the origins of series resistance in a lateral current injection laser in order to find other ways in which to reduce its importance and enable high-power low-leakage operation. It was recently shown [12] that above the lasing threshold by far the largest component of the differential series resistance above threshold in a typical LCI laser comes from the increase in voltage applied across heterojunction between the p-type contact and the active region in order to inject more current into the active region. (This phenomenon and its implications have also been studied in the vertical injection case [17] ). The voltage drop across the P-i heterojunction increases approximately as the logarithm of the current density and decreases as (where is the hole mobility and the contact acceptor concentration). The proportionality ( ) can be used to account for the role of current guides in lowering series resistance: for a given total current injected into the active region, current guides reduce the average current density by increasing the injection area.
We studied the effect of p-contact doping on series resistance and leakage effects simulating a device identical to that of Fig. 3(b) but with all dopings reduced from 2 10 cm to 1 10 cm . The resulting -and - (Fig. 7) reveal that this moderate reduction in doping leads to a much earlier roll-off in the -characteristic. LCI laser performance is a sensitive function of p-contact doping in the range of technological feasibility.
While the resistance of the heterojunction between the highbandgap p-contact and the active region is determined by the doping of the p-contact, an SCH region with intermediate composition and no intentional doping could exhibit ambipolar conduction at moderate biases and consequent hybrid injection. This undoped layer could therefore serve to lower the series resistance of the active region. In order to test this hypothesis, we compared the performance of another set of three structures: one with doped current guides ( 1.3 m), one with no current guides, and one with an undoped SCH region ( 1.3 m). All doped regions were doped to a level of 2 10 cm . The result -and -characteristics, shown in Fig. 8 , indicate that the device with an undoped SCH in fact performs better than that with doped current guides, and much better than the device without current guides. At the lasing threshold, an appreciable population of electrons and holes co-exist in the SCH and contribute to a moderate ambipolar conductance. The reason for the somewhat superior performance of the undoped current guides over the doped current guides is that both guides, top and bottom, participate in hole injection in the undoped case. Since the dominant series resistance term to be reduced is associated with hole injection, the above-threshold differential resistance of the active region is best reduced by maximizing the area available for hole injections.
IV. IMPLICATIONS FOR LCI LASER DESIGN
The preceding results point to a number of conclusions relevant to the design of improved LCI lasers. We have found that a nonuniformity in the lateral carrier density may not, on its own, be a source of severe degradation in LCI laser output. It is a related phenomenon-the high series resistance of LCI laser active region-which had a more important impact on device performance in all of the cases considered herein.
We have not demonstrated the importance of reducing the total series resistance from contact to contact-undoubtedly important if Joule heating is taken into account-but only the resistance across the active region itself.
We may envision a number of ways which could potentially be employed in concert in order to postpone the onset of LCI laser efficiency roll-off. 1) Increase the aspect ratio of active region thickness to contact separation. 2) Maximize, to the degree made possible by technological limitations, the p-contact doping in order to minimize the differential resistance of the p-contact to active region heterojunction. (This assumes that holes are the limiting carrier, i.e., .) 3) Maximize the effective area of the injection path for a given current. Current guides-be they doped or undoped (and of a bandgap fairly close to that of the active region)-represent an effective means of reducing the average injected current density for a given injected current. There is of course a tradeoff to be found, since using very thick current guides could offset many of the benefits of lateral injection (e.g., reduced free-carrier absorption and associated wavelength chirp). 4) Increase the ambipolar mobility of the active region via the use of strain-compensated multi-quantum well structures. 5) Increase the resistance of the parasitic paths using a technique such as iron doping of the cladding material. 6) Decrease the thickness of contacted leakage paths by performing the minimum amount of regrowth required to contact the active region (including current guides) only.
Since a number of tools are available in reducing the differential resistance of the active region, it is worth developing a "rule of thumb" as to the differential resistance which one should aim for in a given application. The ratio of the current leaking through the parasitic path to that being injected into the active region is given very approximately by where is the "excess voltage" applied across the active region, is the thickness of the active region and is the thickness of the leakage path which is contacted. If the development of the voltage above may be described approximately using a differential resistance , then the ratio may be written For example, suppose it is desired to obtain an LCI laser producing 20 mW/facet of optical power at 1.55 m and using InP as the contact material. In the best case, if the differential quantum efficiency were 100%, 50 mA of current would have to be injected into the active region in order to sustain 20-mW/facet output power. If the active region were 0.1 m thick and the thickness of the contacted leakage path 2 m, then at room temperature, in order for , we would require an active region differential resistance of less than 7 . As seen in [12] , this value is somewhat less than that which would be obtained if no special resistance-lowering measures were adopted.
V. CONCLUSIONS
We believe that the large active region differential resistance of many previous LCI lasers has been an important contributor to high leakage and disappointing performance. We have found that minor technological improvements (e.g., maximized contact doping) and structural modifications (e.g., current guides) may have major impacts on device performance in view of the exponential dependence of leakage current on differential resistance. These findings hold great promise for future generations of LCI lasers and motivate continued theoretical probing of the internal operating mechanisms of this promising class of devices.
